The textile industry is one of the fundamental industries of the world. In this industry, classical production methods have high energy consumption, and are also often highly polluting. The urgent need for feasible alternative production methods is not merely a novelty but is actually a global necessity. Therefore, the textile industry is strongly motivated to seek alternative processes which could offer lower cost, environmentally friendly manufacturing and routes to new products offering improved lifetime, quality and performance.
Ion implantation is an innovative production technique with which the surface properties of inert materials can be changed easily. It shows distinct advantages because it is environmentally friendly. Ion implantation can be used to induce both surface modifications and bulk property enhancements of textile materials, resulting in improvements to textile products ranging from conventional fabrics to advanced composites. In this study, the ion implantation technique was firstly applied to textile surfaces.
Ion implantation was first done by Rutherford in 1906, when he bombarded aluminum foil with helium ions [21] . Ion implantation is a technique capable of inserting ions of a known atomic species into a material in order to modify some of its properties -electrical, chemical, optical or mechanical -such as coefficient of friction, wear resistance, hardness, corrosion resistance, surface tension, and anti-bacteriological/anti-fungal effectiveness. Ion implantation has been applied to metals, ceramics, plastics, and polymers [4, 5, 7, 8, 10, 11, 13, 16, 18, 19, 22] . 1 There are three methods commonly used for ion implantation. They differ in the way in which they either form the plasma or make the surface to be implanted the negative electrode. These methods are mass-analyzed ion implantation (MAII), direct ion implantation (DII) and plasma source ion implantation (PSII). One of the Abstract Polyethylene terephalate (PET) samples were modified by Cu, C, Ti, and Cr implantation using a metal vapor vacuum arc (MEVVA) implanter. The ions were implanted at an accelerating voltage of 30 kV with a dose ranging from 1 × 10 14 to 1 × 10 17 ions/cm 2 . In the first part of this study, Cu ions were implanted to improve the electrical properties of PET woven fabrics, and in the second part, C, Ti and Cr ions were implanted to enhance the mechanical properties of PET membrane fabrics. After implantation, the results showed that the half-charge decay time of implanted fabric lessened to milliseconds, and the friction coefficient and wear loss values decreased significantly. The surface morphologies of the samples were examined by scanning electron microscopy and atomic force microscopy. The changes in chemical structure were observed by IR spectra. most recent ion implantation techniques is metal vapor vacuum arc (MEVVA), a type of DII ion source implantation [1] . In the mid-1980s, Brown et al. at Lawrence Berkeley Laboratory developed a new type of metal ion source, namely the MEVVA ion source [2] . The MEVVA source makes use of the principle of vacuum arc discharge between the cathode and the anode to create dense plasma from which an intense beam of metal ions of the cathode material is extracted. This metal ion source operates in a pulse mode [23] .
Polyethylene terephalate (PET) fibers occupy a leading position among synthetic textile fibers and their share in total world production is expected to continue to increase. However pilling and static electric problems and the hydrophobic nature of fabrics woven with PET fibers are the well-known disadvantages. We have carried out many initial trials to seek to increase the hydrophilicity, enhance the pilling properties and reduce the static electricity problem of polyester woven fabrics. The most promising results were obtained from the studies on reducing the static electricity problem. Hence in the first part of this study, we only focused on improving the anti-electrostatic effect of PET fibers with copper (Cu, an extremely good conductor) ion implantation.
Membrane fabrics have a great growing market potential in many industries such as textile, transportation, military, environmental, recreational and athletic, safety, industrial, dock seals, and roofing. These fabrics are manufactured by laminating an ultra-thin and lightweight membrane to different types of fabrics and weaves, offering a wide range of aesthetics. The properties of these fabrics are extremely breathable, windproof, and water resistant [9] . In addition it is important to extend the membrane lifetime and increase wear resistance. For this purpose, in the second part of this study, the influence of ion implantation on the mechanical properties of membrane fabrics was investigated. The surface structure of membrane fabrics is smoother than that of woven fabrics so, utilizing the ion implantation technique on membrane fabrics can make some uniform effects possible.
Experimental
In this work two different types of fabrics were used. The woven fabric was obtained from a textile mill and the membrane fabric (PET fabric coated with a PET membrane) from Laminatech Company. In the first part of this study, Cu ions were implanted to decrease the surface resistance of woven fabrics [woven with PET filaments, 72 g/m 2 , fiber deniers; warp/weft (78/42), fabric counts; warp/weft (74/43)]. In the second part, C, Ti and Cr ions were implanted to improve the mechanical properties of membrane fabrics (136 g/m 2 ). The membrane was coated on a woven fabric (woven with PET microfibers) and had a thickness of 22 µm and a weight of 25 g/m 2 . Its water vapor transmission was typically 920 g/m 2 per 24 hours, and minimally 600 g/m 2 per 24 hours.
In our MEVVA system (Figure 1 ), the broad-beam ion source can be repetitively pulsed at rates up to ∼ 50 pulses/ second and the extracted ion beam current can be up to ∼ 1 A peak and ∼ 10 mA time averaged. The ion source extraction voltage can be increased up to 110 kV. The substrate is placed in a vacuum chamber and bombarded by a Figure 1 MEVVA ion implanter.
beam of highly energized ions. Typical ion energies are in the range of 100 to 500 keV. The penetration depth of the ions depends of the energy of the ions and on the atom density in the substrate [12] . The effective parameters of MEVVA are ion species, energy, ion dose and ion flux [17] .
The ions were implanted at an accelerating voltage of 30 kV using a MEVVA source implanter with a dose ranging from 1 × 10 14 to 1 × 10 17 ions/cm 2 . The electrical properties of the woven fabrics were determined by IDB model 489 electrostatic charge decay meter. In the charge decay method, an electrode placed on the material under test and roughly in contact with its surface is charged to a specific test voltage. The time required for the electrode to lose half the charge is then monitored. The model 489 electrostatic charge decay meter measures the half-charge decay time in seconds at test voltages from 250 to 1000 V.
Friction coefficient and wear tests were measured by Universal wear-friction tester (PLINT TE 88-ASTM F 732). The pin-on-plate configuration was chosen to conduct the wear/friction experiments ( Figure 2 ). The dry sliding friction/wear tests were carried out at room temperature in air with AISI 303 pin with 5.5-mm diameter. The experiments were performed at 49 N load value for 67 seconds at a sliding speed of 0.1 Hz. The stroke was 5 mm. Wear loss and friction coefficient values were obtained from membrane fabrics.
Changes in the surface topography of samples after implantations were evaluated by scanning electron microscopy (SEM), using a Philips XL 30S FEG apparatus, and by atomic force microscopy (AFM), using a Digital Instruments MMAFM-2/1700EXL in contact mode. IR spectra of samples were recorded on an IR-470 Shimadzu spectrometer.
Results and Discussion

Electrical Properties
In order to improve the electrical properties of PET woven fabrics, both surfaces of the samples were implanted with copper (Cu) ions. Table I showed the criteria for the estimation of the anti-electrostatic effect based on the surface resistance and half-charge decay time.
The experimental results of the relation between halfcharge decay time and implanting dose for Cu implanted woven fabrics are given in Table II. The half-charge decay time of implanted fabric decreased dramatically with increasing dose between 5 × 10 15 and 5 × 10 16 ions/cm 2 (Table II) . Whereas the untreated fabric has no anti-electrostatic property, the implanted fabrics showed a very good effect as shown by the data of Table I . Initial results showed an approximate decrease from 10 13 to 10
9 Ω cm in the surface resistance of samples. Figure 3 shows the relationship between the half-charge decay times and ion doses for Cu-implanted fabrics.
Friction and Wear Behavior
In order to enhance the mechanical properties of the membrane fabrics, C, Ti and Cr implantations were performed. Table 1 Criteria for the estimation of the anti-electrostatic effect based on the surface resistance and half-charge decay time [3] . Figure 5 shows the change of the average dynamic friction coefficient (ADFC), which is the mean value of friction coefficient values between the 30th and 50th sliding second, with increasing dose. The ADFC value decreased with increasing implanting dose. The ADFC of untreated fabric was about 0.26 and this was the highest value. When fabric treated with a dose of 5 × 10 16 ions/cm 2 was tested, the lowest ADFC value (0.1) was obtained.
Whereas the wear loss of untreated fabric was about 44 µm, the wear loss of Ti-implanted samples dramatically decreased with increasing dose, as shown in Figure 6 Figure 7 shows the change in ADFC with different ion species with a dose of 1 × 10 16 ions/cm 2 . Figure 8 indicates the relationships between the wear loss and sliding time.
Change of ADFC and Wear Loss Values for Different Ion Species
The ADFC values decreased considerably after each implantation. The ADFC value was 0.129, 0.145, and 0.167 for C, Ti and Cr-implanted samples, respectively. As shown in Figure 8 , the wear loss values of C and Ti-implanted fabric were lower than Cr implanted ones.
The surface modification can be explained by radiation which affects materials by the deposition of high-density energy which leads to chain scission or cross-linking of polymer chains. In particular, cross-linking plays an important role in the improvement of mechanical properties such as increasing the molecular weight and wear resistance of ion-implanted polyesters [6] . Furthermore, there was a decrease in the friction coefficient caused by the formation of a three-dimensionally cross-linked structure on the surface of the ion-implanted polymer material and the friction coefficient decreased with increasing dose [14] . In this study, the ADFC values of Ti implanted membranes generally decreased with increasing dose from 1 × 10 14 to 5 × 10 16 ions/cm 2 . The amount of cross-linked polymer chains depends on ion species and so, the degree of improvement in mechanical properties decreases as the atomic number of implanted ions increases [15] . In the present study, as the atomic number of the element decreased, the improvement of the surface of the membrane fabric increased, so the wear loss values of fabrics implanted with C (atomic number, 6) and Ti (22) were lower than those implanted with Cr (24) (Figure 8 ).
SEM Analysis
SEM images show that the untreated membrane fabric has a rough and embossed surface (Figure 9a) .
Although the implanted samples have smoother surfaces than the untreated sample, there are still several kinds of cracks or fragments on their surfaces. The structure of these microcracks differed according to the type of ion implantation (Figure 9b-d) . It was observed that the amount and depth of cracks increased as the ion dose increased (Figure 10a and b) .
AFM Analysis
The surface morphologies of untreated and Ti-implanted membrane fabrics were observed by AFM ( Figure 11 ).
As seen in the figures, there were significant differences in the surface morphology of untreated and Ti-implanted samples. The change in the surface morphology altered according to ion doses.
Three parameters were used for characterization of the sample roughness. These were Z range, RMS and Ra. Z range gives the value in nanometers between the lowest and the highest points within a given area. RMS is the standard deviation of the Z values within a given area. Ra is the mean value of the surface relative to the center plane.
These roughness parameters for the three samples are given in Table III . After titanium implantation all roughness parameters increased due to the cracks or fragments.
The cracks seen on the implanted sample surface in the SEM images were investigated by AFM. In Figure 12 , the depth analysis of a crack on the surface of the Tiimplanted sample treated with a dose of 1 × 10 17 ions/cm 2 is shown. The maximum depth of crack in the marked area was 143 nm. As the thickness of the membrane was 22 µm, it can be concluded that there was no important physical decomposition on the surface of the sample after implantation. These results indicate that ions penetrate the membrane surface on a nanometer scale.
IR Analysis
The IR spectra of absorbing bands of untreated and Tiimplanted membrane fabrics between 800 and 4000 cm -1 are shown in Figure 13 .
The most important absorbing band is 3000 cm -1 . It can be seen from the IR spectrum for the Ti-implanted sample that the number of C-H bonds was lower than for the untreated one.
Conclusions
Ion implantation is a special method for the surface modification of polymers. Woven fabrics and membrane fabrics were implanted with metal ions using a MEVVA source implanter. After implantation, the surface structure of these fabrics changed and had different properties from the untreated fabrics.
In the first part of this study, Cu ions were implanted to decrease the surface resistance of woven PET fabrics. The experimental results showed that the half-charge decay time of implanted PET woven fabrics decreased greatly with increasing dose of copper (Cu) ion implantation. Whereas the untreated fabric had no anti-static property, the implanted fabrics showed very good anti-static characteristics.
In the second part of the study, C, Ti and Cr ions were implanted to improve the mechanical properties of membrane fabrics. The friction coefficient and wear loss values of PET membrane fabrics decreased after implantation. This decrease depended on the ion species and doses. As the atomic number of the element used decreased, the improvement of the surface of the membrane fabric increased, and so the wear loss values of fabrics implanted with C (atomic number, 6) and Ti (22) were lower than those implanted with Cr (24). The values for Ti-implanted samples dramatically decreased with increasing dose and the lowest values were observed at a dose of 5 × 10 16 ions/cm 2 . These improvements of mechanical properties were caused by the formation of a three-dimensionally cross-linked structure on the surface of the ion-implanted fabrics.
SEM photographs demonstrated that implanted membrane fabrics clearly had smoother surfaces than the untreated ones. There were several kinds of microcracks/fragments on implanted samples; however no negative effect on the physical and mechanical properties was observed.
AFM measurements indicated that there were significant differences in the surface morphology of untreated and Ti-implanted membrane fabrics. These differences in the surface morphology varied according to ion doses. Although the SEM photographs showed several microcracks on the surface of Ti-implanted samples, the maximum depth of the crack even with the highest ion dose was very low, leading to the conclusion that there was no significant physical decomposition on the surface of the sample after implantation.
It can be seen from the IR spectrum for Ti-implanted membrane fabric that the number of C-H bonds was lower than for the untreated fabric.
In future studies, the implantation of different ions and compounds will be investigated.
Literature Cited Figure 13 IR spectra of untreated and Ti (1 × 10 17 ions/cm 2 ) implanted membrane surfaces.
